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Abstract 

The dynamics of the organic components of the deep eutectic solvent (DES) glyceline are analyzed 

using an array of complementary nuclear magnetic resonance (NMR) methods. Fast-Field Cycling 

1H relaxometry, Pulsed Field Gradient diffusion, Nuclear Overhauser Effect Spectroscopy 

(NOESY), 13C NMR relaxation and pressure dependent NMR experiments are deployed to sample 

a range of frequencies and modes of motion of the glycerol and choline components of the DES.  

Generally, translational and rotational diffusion of glycerol are more rapid than those of choline 

while short range rotational motions observed from 13C relaxation indicate slow local motion of 

glycerol at low choline chloride (ChCl) content. The rates of glycerol and choline local motions 

become more similar at higher ChCl. This result taken together with pressure dependent NMR 

studies show that the addition of ChCl makes it easier to disrupt glycerol packing. Finally, a 

relatively slow hydroxyl H-exchange process between glycerol and choline protons is deduced 

from the data. Consistent with this, NOESY results indicate relatively little direct H-bonding 

between glycerol and choline. These results suggest that the glycerol H-bonding network is 

disrupted as choline is added, but primarily in regions where there is intimate mixing of the two 
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components. Thus, the local dynamics of most of the glycerol, resembles that of pure glycerol until 

substantial choline chloride is present. 

 

Introduction 

Deep eutectic solvents (DESs) are mixtures of two or more species, typically a hydrogen bond 

donor (HBD) species and a hydrogen bond acceptor (HBA) species, that combine to yield a melting 

temperature that is significantly below the melting points of the parent compounds.1-5 DESs are 

thought of as closely related to—perhaps a generalization of—the widely studied ionic liquids.  

The two solvent types have similar properties: low volatility, low flammability, and wide 

electrochemical (possibly) and thermal stability windows.6-8 However, unlike typical ionic liquids, 

DESs can be inexpensive, readily synthesized, and can often be prepared from biodegradable, and 

nontoxic constituents.3, 9 Furthermore, the very generality of the DES concept implies an enormous 

number of possible HBD/HBA combinations. On the positive side, this has led to their 

applicability in a variety of processes7, 10-16, as well as in electrochemical applications.17-19 

However, given the many possible combinations of H-bond donors and acceptors that can form 

DESs, the possibility of tailoring DESs for specific applications requires more detailed studies of 

the effects of HBD/HBA types on the aspects controlling transport properties, such as the 

underlying dynamic structures formed in the liquids—a daunting prospect. 

For electrochemical applications, the comparatively high viscosities of DESs and consequent 

modest conductivity presents issues in achieving high process energy efficiency and overall rate.  

Understanding the connection between structure and dynamics is thus at the heart of the effort to 

make DESs more widely useful. The introduction of the HBA clearly is associated with a 

significant change in the properties of the HBD through hydrogen bonding, with major lowering 

of melting temperature. This has been suggested to be related to the hydrogen-bonding interactions 

introduced into the pure HBD by adding the HBA.1, 4, 7 Perhaps a better framework for discussion 

would emphasize the break-up or replacement of some features of long-range associations in the 

pure HBD, with perturbations caused by introducing the HBA, leading to melting point-lowering. 

Interestingly, nanoscale heterogeneities, such as segregated ionic and HBD domains have been 

suggested.20  

Structural and dynamical properties of glyceline, a nominally deep eutectic mixture of 

33mol% choline chloride (ChCl) and glycerol, have been investigated using diverse experimental 
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techniques such as quasi-elastic neutron scattering21-22 (QENS), broadband dielectric 

spectroscopy23-25, Fourier transform middle infrared, far infrared26, 1H 1D and 2D nuclear 

magnetic resonance (NMR) spectroscopy26-28 and pulsed field gradient (PFG) NMR diffusion27, 29-

30, as well as molecular dynamics simulations.21-22, 31-35 Most of these works have provided 

information about the structure and H-bond interactions in glyceline consistently but only a few of 

them have focused on dynamics of its constituents.21, 24-25, 30 For instance, independent studies 

using neutron spin-echo23, neutron scattering22 and numerical simulations34 have been interpreted 

to suggest that glycerol maintains its pure state hydrogen-bonded network in this liquid, with 

choline cations in interstitial voids and chloride anions participating in H-bonds. 

To the best of our knowledge, this paper is the first extended study that combines multiple NMR 

techniques to elucidate the dynamics of the DES glyceline. Specifically, fast field cycling (FFC) 

relaxometry and fixed frequency relaxation measurements, PFG diffusion and two-dimensional 

methods to further probe molecular and segmental motions over a range of timescales. The NMR 

methods yield detailed information on a number of features of the local and long-range transport 

and interactions in the liquid.  

 

Experimental 

Materials and sample preparation. Glycerol and choline chloride (ChCl) were purchased from 

Sigma Aldrich at ≥99% purity.  Deuterated glycerol (glycerol-d8) was obtained from Cortecnet at 

≥98% purity. The purpose of the deuterated glycerol was to isolate the proton behavior on the 

ChCl; we do not consider possible changes in H-bonding strength or other properties as a result of 

deuteration. They were kept under Argon atmosphere in a glove box and used as received. 

Different amounts of ChCl were added to glycerol and glycerol-d8 up to the eutectic composition, 

namely 0, 5, 10, 25 and 33mol%. The two components were mixed by using a sonicator and heating 

the mixture at 80oC until a clear liquid was formed and then hermetically sealed into NMR tubes 

before usage. For high pressure (HP) NMR relaxation experiments samples were pipetted into 

polyethylene HP-NMR bags cylindrical in shape. The molecular structure of glycerol and ChCl 

are shown in Fig. 1. 
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Figure 1. Molecular structure of (a) glycerol and (b) choline chloride. 

 

NMR pulsed field gradient (PFG) measurements. NMR diffusion experiments were performed 

with a 400MHz Bruker spectrometer operating at a magnetic field of 9.4 T. Different peaks for 

each component of our sample were clearly resolved in the 1H NMR spectrum. Therefore, the self-

diffusion coefficients of glycerol and choline (Ch+) were measured independently by using PFG-

NMR stimulated echo sequence, at variable temperature covering the 15-65oC range. The gradient 

strength G took 16 different values following a linear increase and their values were in the range 

of 2-98% of a maximum strength 50 Gcm-1. The gradient pulse duration δ and the diffusion time 

Δ were in the range 7-9ms and 0.1-1.2s, respectively. The self-diffusion coefficients D were then 

extracted by fitting the echo signal decay with the Stejskal-Tanner equation36: 𝐼 =

𝐼0 exp [−(𝛿𝐺𝛾)2(∆ − 𝛿
3⁄ )𝐷], where I is the amplitude of the attenuated echo signal, Io is the 

initial intensity and γ is the hydrogen gyromagnetic ratio. 

 

Fast Field Cycling (FFC) NMR relaxometry: R1 measurements. 1H longitudinal relaxation rate 

(R1 = 1/T1) dispersions for glycerol and choline were measured using a Spinmaster FFC2000 CDC 

Relaxometer (Stelar; Mede, Italy). Considering that FFC is a low-resolution technique, the 

corresponding amount of ChCl was added to glycerol-d8 in order to isolate choline dynamics. 

Using this isotopologue of glycerol, the hydrogens present in choline could be selectively studied 

without background from those present in glycerol. R1 was determined using the standard 

prepolarized (PP) and non-polarized (NP) sequences.37 In all cases, the polarization magnetic field 

was 0.470 T (equivalent to 20 MHz for 1H Larmor frequency) and the acquisition magnetic field 

was 0.383 T (equivalent to 16.3 MHz for 1H Larmor frequency). The relaxation magnetic field 

took 20 different values distributed in a window ranging from 30 kHz to 20 MHz in 1H Larmor 

frequencies. The field slew rate was 13 MHz/ms and the switching time was 3 ms. Typically, 4 

signal scans were accumulated at each delay τ (8-16 different values) and frequency. R1 values 

(a) 

 
 

(b) 
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were calculated from the magnetization recovery curves and were not sensitive to the time window 

over which the NMR signal was acquired (after a 90° pulse). The spin relaxation recovery was 

mono-exponential, within acceptable errors, at all frequencies. The sample temperature was 

controlled within ±1°C using a Stelar variable temperature controller (VTC). Relaxation profiles 

were measured at variable temperature covering the 15-65oC range and experimental uncertainties 

of typically less than 5% were obtained which are covered by the size of the data points in graphs.  

Relaxation dispersion curves were modeled by using a previously discussed methodology38, which 

basically minimizes the summation of absolute differences between the model and experimental 

values (SUM). The optimal model fitting to the data was obtained by automatically finding the 

best combination of model parameters that made SUM lower than a pre-defined value called 

SUMmax (typically 0.03-0.10). SUM represents the percentage error of the model curve, which in 

all fits was less than 10%. Once the optimal fitting parameters were found, their uncertainties were 

determined by analyzing the sensitivity of the optimal model curve to variations of each parameter.   

 

High pressure (HP) NMR relaxation. HP measurements were carried out at 25oC using a Varian 

Inova NMR spectrometer operating at a magnetic field of 11.7 T (equivalent to 76.7 MHz for 2H 

Larmor frequency). Samples, handled under Ar, were hermetically sealed in polyethylene bags in 

order to protect the sample from direct exposure to the pressure-transmitting fluid and then placed 

in a home-built copper-beryllium high-pressure NMR probe. A schematic of the pressure cell is 

shown in Fig. S1. The pressure was controlled by an Enerpac manual hydraulic pump, with 

Fluorinert FC-3283 (3M Company) used as the pressure transmitting fluid and measured with a 

Heise gauge. 2H spin-lattice relaxation rate of pure glycerol-d8 and glycerol-d8 with 33mol%ChCl 

were measured. R1 values were obtained by using an inversion recovery sequence at variable 

pressure covering the 0-240 MPa range in increments of 20MPa. All inversion recovery curves 

were fit in MatLab using a LS regression analysis, and errors were for all curves <6% deviation 

from average value.  

 

Temperature dependent single frequency NMR relaxation and Nuclear Overhauser Effect 

Spectroscopy (NOESY). 1H and 13C NMR data were recorded on a Bruker Avance III 

spectrometer operating at 400 MHz using a direct 5-mm broadband probe. The sample 

temperatures were established with an equilibration period of 1 hour before data acquisition. The 



6 

 

chemical shifts were referenced to TMS as an external standard. 1H NMR spectra were recorded 

with a standard one-pulse sequence with 90° flip angle, with a spectral width of 20 ppm, and a 

relaxation delay of 5 seconds. 13C NMR spectra were recorded with a standard one-pulse sequence 

with 90° flip angle, with a spectral width of 250 ppm, and a relaxation delay of 2 seconds. T1 

experiments were acquired using an inversion recovery pulse sequence with inverse gated 

decoupling with a relaxation delay of 5 seconds. All these experiments were done at variable 

temperature from -15 to 65oC. Phase sensitive NOESY experiments were conducted using a 2D 

homonuclear correlation via dipolar coupling with gradient pulses in mixing times varying from 

50 ms to 800 ms.  

 

Results and Discussion 

Diffusion coefficients, relaxation times and 1D and 2D NOESY spectra were measured, in the 

first place, for pure glycerol and gradually the concentration of choline chloride (ChCl) was 

increased up to the nominally eutectic composition (33mol% ChCl) to observe the evolution of the 

structure and dynamics of the mixture. In the case of low resolution FFC relaxometry studies, the 

signal comes from 1H of glycerol and choline all together. Therefore, mixtures of choline and 

glycerol-d8 were considered in order to isolate choline dynamics.  

 

Diffusion measurements 

Self-diffusion coefficients of glycerol and choline were measured independently by 

considering the signals of the -CH group and methyl group (-CH3) in the 1H NMR spectrum, 

respectively. The values of these coefficients at different ChCl concentrations and as a function of 

temperature are shown Figs. 2(a) and 2(b). It can be seen that they follow a linear behavior in the 

Arrhenius plots. Experimental uncertainties were typically less than 4% and within the size of the 

data points.  

For temperatures lower than 45oC, the diffusion coefficients of both molecules increase with 

temperature and concentration of ChCl, which is consistent with decreasing viscosity.39-41 For 

instance, the diffusivity of glycerol in the sample with 0mol%ChCl increases from 1.6x10-12 to 

2.6x10-11 m2/s when temperature goes from 25 to 65oC and it rises to 2.7x10-12 and 4.0x10-12 m2/s 

when the temperature is 25 oC and ChCl concentration is 10 and 33mol%, respectively. However, 

at 45oC some of these coefficients start merging and a crossover effect is observed at 55oC. For 
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example, at 65oC the diffusivity of glycerol in the sample with 10mol% ChCl (4.5x10-11 m2/s) is 

larger than its value at 33mol%ChCl (3.6x10-11 m2/s). This is explained by the fact that the 

temperature dependence of viscosity depends on ChCl concentration as well.40 This effect is more 

clearly seen in Fig. 3(a) where a maximum value of diffusion coefficients is observed at 

10mol%ChCl for temperatures higher than 45oC. This implies that the activation energy (Ea) for 

glycerol and choline diffusion is higher in the 10mol% sample. Indeed, inspection of the slopes of 

the lines in Fig. 2 suggests that the Ea decreases monotonically from 5% to 33% for both glycerol 

(from 28 to 22 kJmol-1) and choline (from 27 to 20 kJmol-1). This suggests that long range motions 

of the molecules are constrained by the greater organization of the glycerol network in the case of 

lower choline content.  
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Figure 2. Temperature dependence of self-diffusion coefficients of (a) glycerol (-CH) and (b) 

choline (-CH3) in samples with different ChCl concentrations. Lines represent the linear fittings of 

the data using an Arrhenius equation. For both molecules, a crossover in the magnitude of D is 

observed at 55oC (black arrows).  

 

 

On the other hand, Dglycerol ≥ DCh+ at all temperatures and ChCl concentrations which is 

consistent with the smaller molecular weight and charge neutrality of glycerol. The ratio 

Dglycerol/DCh+ in general tends to increase with rising temperature and ChCl concentration (Fig. 

3(b)) and this could be an indication of weakening of glycerol hydrogen-bonding network.  
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Figure 3. (a) Diffusion coefficients of glycerol (CH) and choline (CH3) as a function of ChCl 

concentration, at different temperatures. A maximum is observed at 10mol%ChCl concentration 

for temperatures larger than 45oC. (b) Ratio Dglycerol to DCh+ as a function of ChCl concentration, 

at different temperatures. Dashed lines are guides to the eye.  

 

In addition, the NMR signals of the hydroxyl groups (-OH) of glycerol and choline were 

evaluated to calculate diffusion coefficients and it was found that only choline seems to have two 

different diffusion values at higher temperatures as observed in Figs. 4(a) and 4(b). This type of 

behavior is typical for molecules that experience hydrogen exchange with other species.30, 42 In the 

absence of any exchange/interactions with other species, both aliphatic and hydroxyl signal should 

yield the same diffusion coefficients (i.e., the molecule moves as a whole). However, if phenomena 

such as interaction/exchange between hydroxyl protons of different molecules become significant, 

one may expect a very large difference in the diffusion coefficient values of the aliphatic and 

hydroxyl hydrogens of the same molecule.30 In our case this exchange is between the -OH groups 

of glycerol and choline and its rate seems to be small enough to allow us to see its effect at time 

scales of our NMR experiments (milliseconds to seconds). One possible reason for this slow 

hydrogen exchange could be the large distance between these -OH groups, which are separated by 

chloride ions involved in H-bond interactions with glycerol.21-22, 26, 31 

It is also observed that the existence of these two diffusion values of choline depends on ChCl 

concentration as well. Specifically, at 10mol%ChCl, different D values are observed for the -OH 

and -CH3 groups above 35oC while this happens above 45oC for 33mol%ChCl (compare Figs. 4(a) 

and 4(b)). In fact, due to very rapid exchange taking place at temperatures larger than 45oC, it was 
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not possible to measure the -OH peak of choline and its diffusion coefficient at 10mol%ChCl (Fig. 

4(a)). 

On the other hand, it is interesting to notice that the presence of two D values is only observed 

for choline even though glycerol is also involved in the hydrogen exchange process. This could be 

explained by the fact that for all samples the number of glycerol molecules and their corresponding 

-OH groups (3 -OH groups per molecule) are much larger than the corresponding values for 

choline (1 -OH group per molecule). Then, while all -OH groups of choline are involved in this 

exchange process with glycerol, only a few -OH groups of glycerol are part of it. Precisely, only 

4 and 17% of the -OH groups of glycerol have the chance to participate in this exchange process, 

at 10 and 33mol%ChCl respectively.   
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Figure 4. Temperature dependence of the two self-diffusion coefficients of choline at (a) 

10mol%ChCl and (b) 33mol%ChCl. Black arrows show the temperature at which hydrogen 

exchange becomes efficient enough (35oC for 10mol%ChCl and 45oC for 33mol%ChCl) to make 

the existence of two different diffusion coefficients clear.  

 

 

Dispersions of the spin-lattice relaxation rate determined by FFC-NMR 

Theory: modeling of spin-lattice relaxation rate dispersions.  

In liquids, intramolecular and intermolecular dipole-dipole interactions are modulated in time 

by molecular rotations and relative translational diffusion of molecules carrying the nuclear spins 

and these two molecular motions are the main reasons for longitudinal relaxation of nuclei of 

quantum number I = ½, such as 1H.43 As a first approach, in this work the hydrogen longitudinal 

relaxation dispersions of glycerol and choline were modeled by considering translational diffusion 

and molecular rotations as the main relaxation mechanisms. In general, intramolecular interactions 
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are affected only by molecular rotations but intermolecular interactions can be modulated in time 

by rotations and translational diffusion. The contribution from rotational motion to intermolecular 

relaxation is known as eccentricity effect44-45 and it is due to the fact that spins, in general, are not 

situated in the center of gravity of the molecules. However, this effect is not going to be considered 

in this paper.  

The force-free-hard-sphere (FFHS) model46-47 was used to describe the effect of translational 

diffusion on intermolecular interactions. Despite that a eutectic solvent consists of non-spherical 

molecules, the FFHS model has been employed successfully in similar systems, such as ionic 

liquids.48-52 To the best of our knowledge, there are no other studies that extend this diffusion 

model for elongated molecules. Therefore, the FFHS model may be considered as a first 

approximation to describe the translational diffusion in eutectic solvents. This model can take a 

quite simple expression by assuming that the diffusion can be represented by finite jumps, in the 

Brownian limit r2/6d2 → 0, where r2 is the mean square jump distance defined by r2 ≡ 6Dτ, τ is the 

mean time between jumps and D is the self-diffusion coefficient. Then, it is possible to arrive at 

the following expression for the relaxation rate due to intermolecular interactions modulated in 

time by relative translational diffusion R1inter_Diff 
43, 53: 

𝑅1𝑖𝑛𝑡𝑒𝑟_𝐷𝑖𝑓𝑓(𝜔) =
𝐴𝐷

𝑑𝐷
[𝐽(𝑧(𝜔)) + 4𝐽(𝑧(2𝜔))],                                  (1) 

where 

𝐴𝐷 =
8

45
𝜋𝛾4ћ2 (

𝜇0

4𝜋
)

2
𝑛,                                                            (2) 

                                                              

 𝐽(𝑧) =
1+

5

8
𝑧+

𝑧2

8

1+𝑧+
𝑧2

2
+

𝑧3

6
+

𝑧5

81
+

𝑧6

648

.                                                               (3) 

 

ω=2πν, ν is the Larmor frequency and 𝑧(𝜔) ≡ √2𝜔𝑑2/𝐷12. D12 is the relative diffusion 

coefficient defined as the sum of the self-diffusion coefficients of the pair of molecules involved 

in the intermolecular interaction, D12=D1 + D2, and if both molecules are identical D12 is twice the 

self-diffusion of them; d is the closest distance between two nuclei located in different molecules, 

n is the nuclear density, ℏ is Plank’s constant divided by 2π and μ0 the vacuum magnetic 

permeability.  
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On the other hand, the effect of molecular rotations on intramolecular dipole-dipole 

interactions was described by a Lorentzian function43, 54, where isotropic motion with an average 

correlation time was assumed as a first approach. Then, the corresponding spin-lattice relaxation 

rate is as follows: 

𝑅1𝑖𝑛𝑡𝑟𝑎_𝑟𝑜𝑡(𝜔) = 𝐴𝑅 [
𝜏𝑅

1+𝜔2𝜏𝑅
2 +

4𝜏𝑅

1+(2𝜔)2𝜏𝑅
2].                                        (4) 

 

Here 𝐴𝑅 =
3

10
𝛾4ћ2 (

𝜇0

4𝜋
)

2 1

𝑟6 is the corresponding amplitude reflecting the strength of the relevant 

1H–1H dipolar interactions, r is the effective 1H–1H distance between two nuclei located in the 

same molecule and τR is the average rotational correlation time. Even though the Cole-Davison 

model55 has been commonly used to describe rotational relaxation in viscous liquids56-57, given the 

limited range of dispersion there was no advantage of the Cole-Davison fitting, which has an extra 

fitting parameter, to a Lorentzian fit. 

If it is assumed that the two processes described above are statistically independent and/or 

dominant in different time scales, the total 1H longitudinal relaxation rate for glycerol and choline 

is given by: 

 

𝑅1𝑡𝑜𝑡𝑎𝑙(𝜔) = 𝑅1𝑖𝑛𝑡𝑟𝑎(𝜔) + 𝑅1𝑖𝑛𝑡𝑒𝑟(𝜔) ≈ 𝑅1𝑖𝑛𝑡𝑟𝑎_𝑟𝑜𝑡(𝜔) + 𝑅1𝑖𝑛𝑡𝑒𝑟_𝐷𝑖𝑓𝑓(𝜔)                  (5) 

 

 

The last term of Eq. (5) is an approximation considering that we do not take into account the 

eccentricity effect as mentioned in the first paragraph of this section. 

 

(a) Glycerol dynamics 

1H longitudinal relaxation rate dispersions of pure glycerol at different temperatures and their 

corresponding fittings using the model given by Eq. (5) are presented in Fig. 5(a). A good 

agreement between the experimental data and the model is observed within the experimental 

uncertainties and in accord with the literature.58-59 As expected, R1 values become smaller when 

temperature increases which is consistent with a more mobile system.  

The physical parameters involved in the model were estimated from data fitting by means of 

fixing them within their most probable intervals obtained from the literature. Particularly, the range 

for diffusion coefficients was taken from our own PFG-NMR diffusion measurements. The proton 
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density n (Eq. (2)) was estimated by using the values of molecular weight and density of glycerol, 

obtaining n = 6.6×1028 m–3 and, from Eq. (2), AD took the value 2.1×10–20 m3/s2. The corresponding 

fitting parameters are presented in Table 1. Their numerical values follow the expected tendency 

with increasing temperature and they are within the expected range according to the literature.57-59 

For example, the rotational correlation time values decrease with temperature, going from 2.6ns at 

15oC to 0.07ns at 65oC. 
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Figure 5. (a) 1H longitudinal relaxation rate dispersions of pure glycerol and their corresponding 

fittings using the model given by Eq. (5), recorded at different temperatures. Fittings with 

translational (Eq. (1)) and rotational (Eq. (4)) contributions at (b) 15oC, (c) 25oC and (d) 45oC. 

Dashed lines represent the fitting error. The fitting curve is the sum of the rotational and 

translational curves.  

 

Fittings with translational and rotational contributions at 15, 25 and 45oC are shown in Figs. 

5(b), 5(c) and 5(d), respectively. At 15oC and 25 oC, 1H relaxation is dominated by translational 
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diffusion at lower frequencies but, at higher temperatures, this happens in the whole frequency 

range. On the other hand, the rotational contribution becomes less relevant when temperature 

increases which is consistent with shorter correlation times due to more mobility. It is interesting 

to notice that while the diffusion contribution is frequency dependent, the rotational contribution 

is not. This means that rotations are faster than the time scales considered in our experiment and 

therefore their contribution to relaxation is constant. Temperature dependence of the average 

rotational correlation time is presented in Fig. 6, which follows a linear behavior in the Arrhenius 

plot. The data in Fig. 6, while occasionally an average across multiple proton environments, are in 

reasonable agreement with reorientational times obtained from dielectric spectroscopy.24  

 

 

Table 1. Parameters obtained using the model given by Eq. (5) to describe the measured 1H 

longitudinal relaxation rate profiles of pure glycerol, at different temperatures. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Temperature dependence of the average rotational correlation time of glycerol with 0, 

5 and 10 mol% ChCl.  

 

Parameters 

 

GLYCEROL 

15 ºC 25 ºC 35 ºC 45 ºC 55 ºC 65 ºC 

d [m] x10-10 3.5±0.2 3.9±0.2 3.7±0.1 3.5±0.2 3.6±0.2 3.3±0.1 

D [m2/s] x10-12 0.50±0.04 1.6±0.1 3.7±0.2 7.9±0.3 13±1 24±2 

AR [1/s2] x109 4.8±0.3 3.8±0.2 3.3±0.1 3.4±0.1 3.5±0.2 3.3±0.1 

R [s] x10-10 26.3±0.8 12.8±0.4 6.3±0.2 2.5±0.1 1.50±0.06 0.71±0.03 
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1H longitudinal relaxation rate dispersions of glycerol with 0, 5 and 10mol% ChCl 

concentrations at 25oC and their corresponding fittings using the model given by Eq. (5) are 

displayed in Fig. 7(a). When ChCl is added to glycerol, its 3D hydrogen-bonding network is 

weakened and the mixture become less viscous than pure glycerol.39-40 This makes molecules more 

mobile which is evidenced by smaller relaxation rates as shown in Fig. 7(a).  
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Figure 7. (a) 1H longitudinal relaxation rate dispersions of glycerol with 0, 5 and 10mol% ChCl 

and their corresponding fittings using the model given by Eq. (5), recorded at 25oC. 1H spin-lattice 

relaxation rate dispersion of glycerol with 33mol% ChCl is shown for comparison purposes. 

Fittings with translational (Eq. (1)) and rotational (Eq. (4)) contributions at (b) 5mol% and (c) 

10mol% ChCl concentrations. Dashed lines represent the fitting error. 

 

If ChCl concentration is low enough such as 5 and 10 mol% ChCl where ~92 and ~84% of 

hydrogens are owned by glycerol respectively, it is reasonable to assume that the measured signal 

and R1 values belong mostly to glycerol. In fact, there is a good agreement between the 

experimental data and the model at 5mol% ChCl (fitting error < 4%) but at 10 mol% ChCl, even 
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when the model still works the error is bigger (< 7.5%). This is a sign that our assumption about 

the signal belonging only to glycerol starts failing at higher ChCl concentrations. At 33mol% ChCl 

only 53% of hydrogens are owned by glycerol and the above-mentioned assumption does not apply 

anymore. However, this relaxation profile is also displayed in Fig.7(a) to show the tendency of R1 

becoming shorter in agreement with decreasing viscosity. 

Fits yielding translational and rotational contributions at 25oC for samples with 5 and 10mol% 

ChCl are shown in Figs. 7(b) and 7(c), respectively. Again, it is observed that the rotational 

contribution is constant and when ChCl concentration increases 1H relaxation becomes dominated 

by translational diffusion in almost the whole frequency range. However, the rotational 

contribution to relaxation goes from about 20-25% at the lowest frequencies to ~50% at the highest 

frequencies. This effect was also observed by increasing temperature in pure glycerol (Fig. 5(b), 

5(c) and 5(d)). 

Relaxation profiles of glycerol with 5 and 10mol% ChCl at different temperatures and their 

fittings are shown in Fig. S2 and S3 in Supporting Information (SI). Additionally, their 

corresponding fitting parameters are presented in Tables S1 and S2. Their numerical values follow 

the expected tendency with increasing temperature and ChCl concentration. Temperature 

dependence of the average rotational correlation time of glycerol with 5 and 10mol% ChCl is 

presented in Fig. 6, where it is observed that this time becomes shorter with increasing 

concentration. As for example, the rotational correlation time values decrease with ChCl 

concentration, going from 2.6ns at 0mol%ChCl to 1.1ns at 5mol%ChCl and 0.9ns at 10mol%ChCl, 

when temperature is 25oC. 

On the other side, at temperatures higher than 45oC there is a discrepancy between the 

diffusion coefficients obtained from the analysis of relaxation profiles DFFC (Tables S2 and S3) 

and the ones obtained by PFG measurements DPFG (Fig. 2(a)). The latter are ~30% (5mol% ChCl) 

and ~40% (10mol% ChCl) larger than DFFC. However, this inconsistency may be within the 

uncertainties associated with fitting a quite flat relaxation profile, which is observed at 55 and 

65oC.   

 

(b) Choline dynamics 

As mentioned in the experimental section, in order to isolate choline dynamics in FFC 

experiments, samples were prepared with deuterated glycerol. Despite the 1H exchange between 
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the -OH group of choline and -OD groups of glycerol, only 7% of the total amount of 1H nuclei 

belong to glycerol and they can be neglected as a first approach. Therefore, the measured signal 

for these samples was considered to predominantly arise from 1H in choline molecules. Also, the 

hetero-dipolar coupling between hydrogen and deuterium is going to be ignored in the analysis of 

relaxation profiles.   

Fig. 8 shows the effect of ChCl concentration on 1H longitudinal relaxation rate of choline at 

25oC, where it is observed that the higher the concentration the faster the relaxation. Even though 

it is known that the viscosity of the mixture drops off with increasing ChCl concentration39-40 and 

that the mobility of choline molecules increases, R1 becomes larger because of the higher amount 

of hydrogen that makes intermolecular dipole-dipole interactions more efficient for a given 

motional dynamics. This same effect was also observed at other temperatures between 15 and 

65oC. 

1H longitudinal relaxation rate dispersions of choline in the sample of glycerol-d8 with 

33mol% ChCl at different temperatures are presented in Fig. 9(a). This concentration is the 

nominal eutectic point of the mixture, again referred to as glyceline. Additionally, their 

corresponding fittings using the model given by Eq. (5) are shown. Good agreement between the 

experimental data and the model is observed within the experimental uncertainties. Again, R1 

becomes shorter when temperature increases which is consistent with a more mobile system. At 

30 kHz when the temperature increases from 15oC to 65oC, R1 decreases from 69.1s-1 to 5.0s-1. 

Similar results were also observed for samples of glycerol-d8 with 5 and 10 mol% ChCl and 

their corresponding relaxation profiles and fittings are shown in Fig. S4 and S5.  The physical 

parameters involved in the model were estimated from data fitting by means of fixing them within 

their most probable intervals obtained from the literature. The proton density n (Eq. (2)) was 

estimated by using the values of molecular weight, density and mass of ChCl, obtaining n = 

5.1x1027 m–3 and AD = 1.6 ×10–21 m3/s2 for 5mol% ChCl; n = 1.0 x1028 m–3 and AD = 3.2 ×10–21 

m3/s2 for 10mol% ChCl; n = 2.9 x1028m-3 and AD = 9.3 ×10–21 m3/s2 for 33mol%ChCl. The 

corresponding fitting parameters are presented in Tables S3, S4 and S5. Their numerical values 

follow the expected tendency with increasing temperature and ChCl concentration. For example, 

in the case of glyceline the rotational correlation time decreases with temperature, going from 

0.8ns at 15oC to 0.1ns at 65oC; whereas it goes from 1.5ns at 5mol%ChCl to 1.2ns at 10mol%ChCl 

and 0.6ns at 33mol%ChCl, when temperature is 25oC. 
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Figure 8. 1H longitudinal relaxation rate dispersions of choline at different ChCl concentrations, 

recorded at 25oC.  

 

Fittings and their translational and rotational contributions for choline relaxation at 5, 10 and 

33mol% ChCl concentrations, recorded 25oC, are presented in Fig. S6, S7 and S8, respectively. At 

5mol% ChCl, 1H relaxation is dominated by translational diffusion at lower frequencies but when 

ChCl concentration increases, diffusion becomes dominant in the whole frequency range. On the 

other hand, the rotational contribution becomes less relevant when concentration increases which 

is consistent with shorter correlation times due to more mobility. Moreover, the diffusion 

contribution is frequency dependent while the rotational contribution is mostly constant, as also 

observed for glycerol relaxation. This same behavior was also observed at other temperatures 

between 15 and 65oC. The temperature dependence of the average rotational correlation time is 

presented in Fig. 9(b). This shows a linear Arrhenius plot with values decreasing with increasing 

ChCl concentration. Our experimental probes indicate that dynamics of choline in this frequency 

range becomes significantly faster with increasing ChCl concentration. For instance, at 25oC the 

rotational times are in the 100ps to 1 ns timescale. If the values of choline rotational times are 

compared to the ones of glycerol at 5 and 10mol% ChCl concentrations, as shown in Fig. S9, it is 

observed that choline rotates slower at all temperatures by a factor of 1.5 to 9. Again, this is 

consistent with the smaller molecular weight and charge neutrality of glycerol.  
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Figure 9. (a) 1H longitudinal relaxation rate dispersions of choline in glyceline (33mol% ChCl) 

and their corresponding fittings using the model given by Eq. (5), recorded at different 

temperatures. (b) Temperature dependence of the average rotational correlation time of choline at 

different ChCl concentrations. 

 

Despite the proposed model (Eq. (5)) appearing to describe choline dynamics quite well, there 

is a disagreement between the diffusion coefficients obtained from the analysis of relaxation 

profiles DFFC (Tables S3, S4 and S5) and the ones obtained by PFG measurements DPFG. Fig. 10 

shows the ratio of DPFG to DFFC at different temperatures and ChCl concentrations. It is observed 

that this ratio tends to be larger when temperature increases and it reaches the largest values at 

10mol% ChCl concentration (3.7 at 65oC). The increase in the ratio with temperature, which is 

strongest—indeed, only significant— for the 10mol% ChCl sample, possibly reflects the 

difference in the primary motions probed in the two types of experiments. In particular, FFC 

includes all hydrogen dynamics due to its low resolution while PFG can differentiate between 

motions of structurally bound -CH and exchangeable -OH hydrogens. Therefore, if the hydrogen 

exchange process of the -OH groups is the reason for the discrepancy presented in Fig.10, its effect 

is maximized at 10mol% ChCl because it is more rapid at this concentration, as suggested in Fig. 

4 and confirmed below in Fig. 11, and it becomes more efficient at higher temperatures. 
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Figure 10. Ratio of choline diffusion coefficients obtained by PFG measurements (DPFG, 

hydrogens of -CH3) to choline diffusion coefficients obtained from the analysis of relaxation 

profiles (DFFC, all hydrogens of choline) at different temperatures and ChCl concentrations. This 

difference in DFFC and DPFG was not observed in the case of pure glycerol. 

  

In order to find the reason for this discrepancy between the two techniques, two different 

analyses were carried out. Firstly, a low frequency analysis for relaxation profiles was made to see 

if this disagreement is connected to the proposed model. Relaxation rate can be expressed as 

𝑅1(𝑣) = 𝐵 − 𝐴√𝑣 at low frequencies where A and B are constants and A is proportional to the 

diffusion coefficient D.46-47, 60 Then, by plotting the relaxation rate values as a function of the 

square root of the Larmor frequency, R1(ν) vs. ν1/2 shapes into a linear function at lower frequencies 

and D can be easily calculated from the parameter A. The importance of this approach is the fact 

that it does not depend on the model. A comparison between the D values obtained with the low 

frequency approximation and the ones obtained through the model of Eq. (5) was made and a good 

agreement was attained within the experimental uncertainties. This confirms that the chosen model 

is not the reason for the disagreement between FFC and PFG measurements.  

Secondly, the different time scales of FFC (ns-µs) and PFG (100 ms) techniques were taken 

into account as a possible explanation for this disagreement. Diffusion coefficients as a function 

of the diffusion time (Δ) for samples with 10 and 33 mol% ChCl (regular glycerol was used instead 

of glycerol-d8) were measured in order to evidence their probable time dependence. Figs. 11(a) 

and 11(b) show the diffusion coefficients of choline vs. Δ at 45oC obtained by considering the 

signals of the -CH3 and -OH groups. Additionally, diffusion coefficient of glycerol considering 

the signal of -OH groups was measured for comparison purposes. Again, the existence of two 
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diffusion values for choline is evidenced (compare with Fig. 4) but only the corresponding one to 

its -OH group shows time dependence. This is clear evidence for an exchange process among -OH 

groups. It seems that the time scale of hydrogen exchange between -OH groups of choline and 

glycerol is in the order of hundreds of milliseconds, where the diffusion coefficient of the -OH 

group of choline tends to approach the diffusion value of glycerol. Also, in Fig. 11(a) it is clearly 

seen that this time scale is shorter at lower ChCl concentration—i.e. the D values for -OH merge 

at shorter times. This is reasonable given the decrease in glycerol -OH available relative to choline 

-OH as the composition is thus changed.  

High viscosity of our sample even at 45oC did not allow us to measure diffusivity at gradient 

spacings shorter than 100ms, therefore the time scales of the FFC technique (ns-ms) could not be 

reached with our analysis. However, it can be speculated that DFFC reflects an average of the two 

diffusion values of choline (considering the low resolution of FFC technique) and their probable 

time dependence at Δ shorter than 100ms (more typically < 10 ms) might explain the origin of the 

above-mentioned discrepancy.  

 

0 200 400 600 800 1000 1200
8.0x10-12

1.0x10-11

1.2x10-11

1.4x10-11

1.6x10-11

1.8x10-11

DCh+ (-CH3)

DCh+ (-OH)

DGlycerol (-OH)

 

 

D
 (

m
2
/s

)

D (ms)

(a)

0 200 400 600 800 1000 1200
8.0x10-12

1.0x10-11

1.2x10-11

1.4x10-11

1.6x10-11

1.8x10-11

2.0x10-11

(b) DCh+ (-CH3)

DCh+ (-OH)

DGlycerol (-OH)

 

 

D
 (

m
2
/s

)

D (ms)
 

Figure 11. Diffusion coefficients of choline as a function of diffusion time Δ at (a) 10mol% ChCl 

and (b) 33mol% ChCl, recorded at 45oC. Diffusion coefficient of the OH groups of glycerol is 

shown for comparison purposes.  
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High pressure NMR relaxation  

 

Using pressure as the thermodynamic variable probes the effect of changing the volume at 

fixed energy. As a practical matter, for low resolution NMR spectra inherent to the high pressure 

set-up employed here (as is the case for the FFC measurements), deuteration of one of the 

components of the mixture is necessary to isolate the dynamical behavior of the other.  

Furthermore, 2H relaxation is governed primarily by the nuclear quadrupole’s dynamic interaction 

with its surrounding electric field gradient. This makes the relaxation process more sensitive to 

short-range fluctuations associated with molecular rotation or reorientation than with longer-range 

translational diffusion. Variable pressure 2H T1 measurements in partially deuterated glycerol were 

reported by Wolfe and Jonas.61 Their investigation concludes that, while the main relaxation 

process involves reorientation of the hydroxyl group about the C-O bond when a hydrogen bond 

is broken, hydrogen bonding interactions in glycerol have a relatively weak pressure dependence. 

That is, increasing pressure at constant temperature primarily increases the density without 

significantly affecting the attractive intermolecular interactions due to hydrogen bonding.  

Relaxation rates (R1 = 1/T1) for pure glycerol-d8 and glycerol-d8 with 33mol% ChCl are 

plotted vs. pressure in Fig. 12. The data trend for the glycerol relaxation is consistent with that 

reported in Wolfe and Jonas, although the values are different, mainly due to the difference in 

NMR frequency (~77 MHz in this work vs ~9 MHz in W&J). Though 2H T1 temperature 

dependence of pure d8-glycerol was not measured in this work, the 13C results presented here as 

well as 1H data from Marzke et al62 suggest that the T1 minimum (or R1 maximum) should occur 

just below room temperature. Thus, the R1 maximum vs P has not been reached at ambient pressure 

(1 bar = 100 kPa) and temperature (the values at 100 kPa and 20 MPa are essentially the same 

within experimental uncertainty). However, a clear, though fairly broad, R1 maximum occurring 

between 150 and 250 MPa is observed in the 33% DES. This is consistent with the shift in 13C T1 

minimum toward lower temperature, discussed later, as ChCl is added and suggests the disruption 

of hydrogen bonding by ChCl, resulting in enhanced deuteron relaxation.  
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Figure 12. 2H longitudinal relaxation rate of deuterated glycerol and deuterated glycerol 

+33mol%ChCl as a function of pressure, recorded at 25oC and 11.7 T (76.7 MHz for 2H Larmor 

frequency).  

 

 
1H and 13C NMR spectroscopy 

In Figure 13 (a), the 1H NMR spectra for 33mol% ChCl in glycerol at different temperatures 

are shown. Temperature dependent spectra for the other ChCl compositions are shown in Fig. S10. 

It is observed that the 1H chemical shifts have a pronounced temperature dependence. Hydroxyl 

protons show decreasing chemical shift with increasing temperature and this suggests that the H-

bond strengths decrease as temperature is raised which can be attributed to chemical exchange 

processes in agreement with the diffusion measurements. The decreasing chemical shift of the 

NMe protons as temperature decreases can be attributed to a decreased interaction of ammonium 

cation with the glycerol -OH groups. In compositions other than that the eutectic one, this shift is 

not observed as shown in Fig. S11 and may be due to the glycerol hydrogen bonding network not 

being disrupted as is seen in the 33 mol% case. The net change in chemical shift is more 

pronounced with increasing ChCl concentration suggestive of ChCl disrupting the glycerol 

hydrogen bonding network. As an example, this change is presented in Fig. 13 (b) for the central 

glycerol hydroxyl group. 
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Figure 13. (a) Temperature dependent 1H NMR spectrum for 33mol% ChCl in glycerol. (b) 

Change in chemical shift  of the central glycerol hydroxyl group in various ChCl compositions 

with respect to neat glycerol. 

 

The 13C peak assignment was unambiguously determined using DEPT, distortionless 

enhancement of polarization transfer, as shown in Fig. S12, that allows the multiplicity of a carbon 

atom substituted with hydrogens to be determined. Experimental 13C NMR spectra and resonance 

full width at half maximum (FWHM) as a function of temperature for glyceline are shown in Figs. 

14(a) and 14(b), while the corresponding ones for other ChCl compositions are presented in Figs. 

S13 and S14. Linewidths as a function of composition and temperature are given in Tables S6-

S10. Both the chemical shifts and the FWHM of the resonances were found to be temperature 

dependent. Below 268K (-5°C), the linewidths show a concerted increase, yet the samples remain 

as liquids, consistent with the formation of a strong H-bonding network. In general, the linewidths 

also show a strong dependence on the viscosity, with the lowest viscosity sample being the eutectic 

33mol% mixture. The methyl group on the choline ammonium group shows the least linewidth 

temperature dependence presumably due to it acting as a free rotor. 
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Figure 14. (a) Temperature dependence of the 13C resonance full width at half maximum (FWHM) 

for 33mol% ChCl in glycerol. (b) Temperature dependent 13C spectra for 33mol% ChCl in 

glycerol. 

 

In Figs. 15(a) and 15(b), the 13C relaxation times for glycerol and 33mol% ChCl in glycerol 

are plotted versus inverse temperature, where a clear minimum in T1 is observed for all carbons. 

In general, there are three groupings based upon the substituent in these mixtures (other mixtures 

are shown in Fig. S14). In all cases, on the low temperature side of the T1 minimum, warming the 

samples reduces the spin-lattice relaxation time which is to be expected for systems with long 

correlation time as is typically seen in highly viscous media. The fastest relaxing group is the 

glycerol methine carbon, which also has a T1 minimum at the highest temperature. The glycerol 

methylene carbons and the choline methylene carbons (both  and  to the N) all seem to track 

each other in behavior with an intermediate temperature T1 minimum. Finally, the methyl group 

on choline has the lowest T1 minimum. The relative degree of protonation is related to the 

relaxation rate.  

As the concentration of ChCl increases, the T1 values for all carbons are generally shorter, as 

shown in Figs. 15 and S15. In general, the relaxation rates at high and low temperatures are similar, 

with T1 minima slightly shifting to lower temperatures as the concentration of ChCl increases (Fig. 

S15 (d)), indicating overall faster motion. This suggests that as the concentration of ChCl 

increases, the hydrogen bonding network in glycerol is more disrupted. As the minima typically 

occur below 298K, this is in reasonable accord with other measures of dynamics of the molecules. 

It is also noted that glycerol 13C T1 minima occur at consistently higher temperatures than those of 
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choline, implying faster relative dynamics of the Ch+ ion, which is in opposition to our relaxometry 

and diffusometry results. However, it is important to emphasize that high field 13C T1 

measurements probe local dynamics on a time scale of the reciprocal of NMR frequency (~10-9s) 

whereas the FFC and PFG diffusion measurements sense long-range motions on a much longer 

time scale. Additionally, it has been shown that dynamical correlation times in glyceline can 

depend on the length scale of the motion.21 

 

 

 
Figure 15. Temperature dependent 13C T1 relaxation data for (a) neat glycerol and (b) 33 mol% 

ChCl in glycerol. The peak labeling is shown in Fig. 14 (a). 

 

 

Dipole-dipole coupling is the dominant relaxation mechanism for protonated 13C nuclei and 

the rotational correlation time c is related to the longitudinal relaxation rate R1
dd due to interactions 

with neighboring hydrogens by the following equation63: 
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where NH is the number of hydrogens bonded to the carbon nucleus, 0 is the vacuum permeability, 

C and H are the gyromagnetic ratios of 13C and 1H respectively, ℏ is the reduced Planck’s constant, 

rCH is the distance between the carbon and hydrogen and  ± = H ± C where H,C correspond to 

the Larmor frequencies of 1H and 13C respectively. While not explicitly shown in Eq. (6), this is 

an analogous treatment that was used for the 1H relaxation using Eq. (4), but in that case an average 

value was calculated due to the nature of the measurement.  For viscous liquids, as a T1 minimum 

is observed, this indicates a transition from slow to fast tumbling and Eq. 6 relates.64 T1 is 

temperature dependent and is influenced by parameters of the system including viscosity through 

c. The motion is ‘activated’ and an Arrhenius-type relation with an activation energy is generally 

used in fitting the data. The rotational correlation time c was calculated from the Solomon-

Bloembergen equation65:  
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where the T2 (transverse relaxation time) values were calculated from linewidths at the temperature 

in which the T1 value was a minimum. Here the full width at half maximum (FWHM) is 

proportional to T2 viz. FWHM ~ 1/T2. The obtained values of c are shown in Table S11 and 

plotted in Fig. 16, where peaks a and b are ascribed to glycerol while c-e are those of choline. In 

general, correlation times range between 0.1 and 2 ns. The correlation times for the glycerol 

carbons are initially slightly longer than those of choline but decrease more sharply with increasing 

choline concentration such that all correlation times are similar in the 33 mol% case. This suggests 

that the choline somewhat disrupts the glycerol structure, reflected in overall drops in viscosity 

(generally shorter c) with slight variations in apparent rotation rate for different carbons.   
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Figure 16. Rotational correlation time c of different carbons as a function of ChCl concentration, 

at 25 °C. 

 

2D NOESY spectra 

NOESY experiments were conducted to probe spatial proximity over prolonged periods of 

time, specifically from 50 ms to 800 ms, and examined through-space interactions of ChCl with 

glycerol. A representative example for 33 mol% ChCl in glycerol is shown in Figs. 17(a), 17(b), 

17(c) and 17(d) with the remainder of the spectra contained in the SI. For each composition, the 

NOESY spectra were qualitatively similar with cross-peaks with a 50 ms mixing time being 

negligible, except for neat glycerol where pronounced cross-peaks at all mixing times were 

detected. At mixing times of 200 ms and longer, strong NOE couplings between choline and 

glycerol can be observed. Note that the samples contained ~ 1 wt% H2O as an impurity and that 

there were no observed cross peaks between water and either choline nor glycerol. The increasing 

intensity of the cross-peaks with mixing time was most pronounced for (i) the choline methyl 

groups (participation via the nitrogen atom of the cation) and the glycerol -OH groups; and (ii) the 

methyl groups of choline with the aliphatic protons on glycerol. On the other hand, at fixed mixing 

time, the intensity of these cross-peaks decreases as ChCl concentration increases which indicates 

that H-bonding via intermolecular interactions becomes less pronounced. The long mixing times 

required to observe these cross-peaks suggest a rather large distance between the protons. This is 

consistent with the molecules being separated by intervening chloride ions involved in H-bond 

interactions and a disordered structure of the eutectic which contributes to the relatively long-time 
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scales observed for hydrogen exchange among the -OH groups. This is in accordance with our 

results for -OH diffusion coefficients shown in Fig. 11.  

 

 
 

Figure 17. 2D NOESY spectra of 33mol% ChCl in glycerol at 25°C. Mixing times tm were (a) 

50 ms, (b) 200 ms, (c) 400 ms, and (d) 800 ms. 
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Summary and conclusions 

In this work multiple NMR techniques have been used to successfully elucidate the dynamics 

of the DES glyceline. The primary conclusions from each of the above measurements are as 

follows:  

In the case of FFC 1H relaxometry experiments, translational and rotational contributions to the 

relaxation rate were separated using a simple model. Good fits were obtained from a model in 

which 1H relaxation was dominated by translational diffusion at lower frequencies. At higher 

temperatures and choline concentrations, translational diffusion dominated over the whole 

frequency range sampled by this method. On the other hand, while the diffusional contribution 

was frequency dependent, the rotational contribution was not. This means that rotations are faster 

than the time scales considered in our experiment and therefore their contribution to relaxation is 

constant. It was found that choline rotates differently from glycerol, with glycerol rotation 

occurring more rapidly.  

PFG Diffusion experiments revealed that glycerol diffuses faster than choline in general and DPFG 

> DFFC in the case of choline, with maximum effect for intermediate ChCl concentration. From a 

more detailed comparison of FFC and PFG diffusion results, it was found that labile hydrogens 

from the choline -OH have faster diffusion than the C-H hydrogens, approaching that of glycerol 

with increasing PFG diffusion time in one case, suggesting exchange in this time frame. This 

exchange process was found to be slower with increased ChCl concentration and it was considered 

the main reason for the discrepancy between FFC and PFG results for choline. Additionally, 

relaxometry and diffusometry studies showed that rotational and translational motions of glycerol 

and choline become faster when ChCl concentration increases.  

From NOESY experiments, significant interactions were observed between glycerol -OH and 

choline -N-Me and glycerol -CHx and choline -CH2. This is consistent with a molecular 

arrangement allowing hydroxyl groups on both glycerol and choline to primarily interact by H-

bonds with chloride ions and not between each other. This is also consistent with the relatively 

modest intermolecular exchange rates amongst hydroxyl hydrogens. 

13C relaxation experiments (at a much higher frequency than that of the FFC measurements) 

revealed that glycerol 13C T1 minima occur at consistently higher temperatures than those of 

choline; this suggested slower glycerol local motions at low choline concentration. While the 13C 

relaxation studies measure site-specific dynamics, they are correlated to the FFC measurements of 
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protons in the DES. Calculation of correlation times further showed that differences disappear with 

increasing choline content. Pressure dependent relaxation data suggested that it is easier to disrupt 

glycerol packing with ChCl present, consistent with 13C relaxation. 

In general, for a well-defined relaxation mechanism such as the intramolecular dipolar mechanism 

dominant for 13C bonded to 1H, the relaxation behavior is correlated with viscosity through 

correlation times that represent the motion-coupled exponential decay of phase memory of a given 

nucleon with time, averaged over the ensemble of molecules. The relaxation rate then reports on 

the average local ‘microviscosity’ of the spin in its environment. For small molecules this is 

typically an adequate description even for viscous solutions. Cases for which this breaks down 

include situations in which local specific interactions or bonding induce decoupled motions, such 

as in long-chain tetra-alkyl ammonium systems or micelles.  In such cases, terminal methyl groups, 

for example, can behave as ‘free rotors’ decoupled from overall molecular rotations which can 

have different dynamics. 

These data point to a picture of the glyceline DES in which the strong ‘native’ glycerol H-bonding 

network is disrupted as choline is added, probably forming ‘icebergs’ of glycerol that shrink in 

size as more choline is added.  Thus, the local dynamics of most of the glycerol resembles that of 

pure glycerol until substantial choline is present. Where choline inserts, the glycerol behaves as if 

it is at an interfacial region (the liquid equivalent of a grain boundary) with ‘dangling’ H-bonds, 

rendering it much more mobile over long ranges. This is also consistent with the relatively slow 

hydroxyl hydrogen exchange as glycerol does not strongly interact with choline via H-bonding. 
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